The formation and stability of BaAl 2 O 4 and BaCeO 3 in Pt-Ba/Al 2 O 3 and Pt-Ba/CeO 2 based NO x storage-reduction (NSR) catalyst has been investigated using kinetic measurements, X-ray diffraction, thermal analysis and X-ray absorption spectroscopy. In as-prepared state, the Ba-component in the NSR catalysts was made up of amorphous BaO and BaCO 3 . The formation of BaAl 2 O 4 started above 850°C, whereas the formation of BaCeO 3 was already observed at 800°C and was faster than that of BaAl 2 O 4 . The stability of BaAl 2 O 4 and BaCeO 3 in various liquid and gaseous atmospheres was different. BaAl 2 O 4 was rapidly hydrated at room temperature in the presence of water and transformed to Ba(NO 3 ) 2 and γ-alumina in the presence of HNO 3 , whereas BaCeO 3 was decomposed to much lower extent under these conditions. Interestingly, BaCeO 3 was transformed to Ba(NO 3 ) 2 /CeO 2 in the presence of NO 2 /H 2 O at 300 -500 °C. Also the presence of CO 2 led to decomposition of barium cerate, which has important consequences for the catalyst ageing under NO x -storage conditions and can be exploited for regeneration of thermally aged NSR-catalysts.
Introduction
The introduction of lean-burn engines with direct fuel injection is presently one of the most promising engine concepts to decrease fuel consumption [1] [2] [3] . The lean-burn engines, which operate at air-fuel ratios higher than 25:1, thus contribute to the conservation of fossil fuel reserves and thereby reduce the associated CO 2 emission. In Europe, the automotive industry is not only committed to reduce the average CO 2 emission level but also to clean up the exhaust gases at the same time. Following EU proposals further CO 2 emission reduction to 120 g/km shall be realized by 2012 [4] .
However, neither the diesel exhaust catalyst nor the conventional three-way catalyst are able to reduce NO x -emissions under lean conditions. Among the different strategies to reduce NO x -emissions, the NO x storage-reduction (NSR) catalyst system is wellestablished because of its high lean DeNO x activity combined with a suitable durability and three-way catalyst activity [2, 5, 6] .
NSR catalysts consist of precious metals (Pt, Rh) for the oxidation of NO to NO 2 (under lean fuel conditions) and reduction of NO x (under rich conditions), and of a storage component deposited on carrier oxides with a high surface area, such as La 2 O 3 -stabilized γ-Al 2 O 3 or CeO 2 [5] [6] [7] [8] [9] [10] . Typical NO x storage compounds are alkali metal oxides or alkaline-earth metal oxides like potassium oxide or barium oxide.
The NO x storage and reduction performance of such catalysts depends on various factors, including the dispersion of the noble metal and the Ba constituent as well as thermal stability, structural and textural properties. Deactivation of NSR catalysts is mainly caused by sulfur and thermal deterioration. Apart from the development of catalysts with higher tolerance of SO 2 or SO 2 -derived species [11, 12] , one of the major challenges is therefore the improvement of the thermal stability of NSR catalysts under operating conditions. Thermal deterioration occurs both due to the particle growth of the precious metals and due to the formation of mixed oxides such as aluminates, cerates, and zirconates by the reaction of NO x storage material with the support or compounds in the wash-coat [8, [13] [14] [15] [16] .
Considerable effort has been made to elucidate elementary steps of the reaction mechanisms of storage and regeneration and the deterioration of the catalytic activity in the presence of sulfur containing gasses. In contrast, relatively little attention has been given to studies on the reaction of the storage material with the support during ageing and the stability of the formed phases in the presence of NO x , CO 2 , and H 2 O containing gases.
Generally, the formation of barium aluminates and barium cerates is believed to have a negative influence on the NO x storage catalysts activity [8, 13, 14, 16] . However, in some articles a good potential of Pt/BaAl 2 O 4 for NO 2 trapping has been reported [17, 18] .
Here, we report a study on the formation and stability of barium aluminate and barium cerate in Pt-Ba/Al 2 O 3 and Pt-Ba/CeO 2 , respectively. The stability of these mixed oxide phases when exposed to different exhaust gas components, including H 2 O, NO 2 and CO 2 , has been studied systematically.
Experimental part

Sample preparation
The Pt-Ba/γ-Al 2 O 3 and Pt-Ba/CeO 2 samples were prepared using the following procedure. First, γ-alumina and ceria supports (Umicore) were calcined at 700°C for 5h. In order to test the reactivity of the formed mixed oxides towards NO 2 and H 2 O, the samples with the highest content of barium aluminate and barium cerate (calcined for 10h at 1100°C and 1000°C, respectively) were exposed for different time periods to a flow of He saturated with water vapor (at room temperature) and 1 % NO 2 in synthetic air (1:1 mixture). The reaction temperature was varied between room temperature and 500°C.
The experiments were performed in a continuous-flow fixed-bed reactor. The reactor was filled with about 90 mg sample (pressed, ground and finally sieved). The sample was heated for 30 min to the selected temperature in a continuous flow of He. During reaction the carrier gas (He) was first saturated with water at room temperature (~ 3 % H 2 O) and then mixed with 1 % NO 2 in synthetic air. To avoid water condensation all pipes were heated. The flow rate was controlled by mass flow controllers (Brooks). The total flow was 50 ml/min: 25 ml/min water saturated He and 25 ml/min 1 % NO 2 in synthetic air.
After a certain reaction time the sample was cooled to room temperature in He and analyzed.
The decomposition of BaAl 2 O 4 and BaCeO 3 in CO 2 was studied by thermal analysis.
The samples (ca. 70 mg) were heated with a rate of 10 K/min to 1300°C and cooled down with a rate of 5 K/min in 20, 15, 12.5 and 10 % CO 2 in He.
Characterization techniques
X-ray diffraction measurements were carried out on a Siemens D5000 powder X-ray diffractometer using the Cu K α radiation in the step scanning mode between 2Θ = 15 and EXAFS data were collected in the transmission mode at room temperature. Spectra were taken around the Ba K-edge (37.441 keV), using a BaSO 4 pellet as reference for energy calibration. For data evaluation the WINXAS 3.1 software was used [21] . Fourier transformation of the EXAFS data was applied on the k 3 -weighted χ(k) data.
Results
BaAl 2 O 4 and BaCeO 3 formation
In the Ba-Al-O system, several [26, 27] . In the sample calcined up to 1200°C the characteristic reflections for BaAl 2 O 4 appear while the BaCO 3 patterns disappear (Fig. 1a) . The TG curve and the mass spectrometric signals recorded for CO 2 (m/z = 44) indicate that supported BaCO 3 starts to decompose at about 300°C. The maximum of CO 2 evolution is centered at about 637°C and the decomposition is finished at ca. 850°C. The amount of the CO 2 evolved was determined using pulse thermal analysis [20] by comparing the integral intensity of the CO 2 signal evolved during decomposition with the intensity of an injected pulse of 1 ml CO 2 . Evolution of water from the support was only observed at low (Fig. 2b) , the first one at around 870°C and the second one centered at 1100°C. Also the DSC curve shows two distinct endothermic peaks due to BaCO 3 decomposition. Two small additional endothermic events with maxima at 810°
and 976°C are due to the polymorphic transformation of not fully decomposed BaCO 3 at these temperatures. BaCO 3 transforms from orthorhombic to hexagonal structure at 803°C and to a cubic phase (NaCl structure) at 976°C [28] .
During purification of the exhaust gases the operating temperature is lower than 500°C. Higher temperatures are reached during sulfur removal [29, 30] [31, 32] . For BaCeO 3 Preda et al.
[33] found the tetragonal structure at low temperature and cubic at high temperature, whereas Scherban et al. [34] reported that barium cerate undergoes two phase transitions from orthorhombic to tetragonal and tetragonal to cubic structures between 100°C and 1000°C. Using FEFF calculations (FEFF 6.0 code [35] ) and its comparison to the experimental EXAFS data, it was found that the Pt-Ba/CeO 2 sample calcined above 1000°C contains BaCeO 3 with cubic crystal structure.
Behaviour of BaAl 2 O 4 and BaCeO 3 in the presence of liquid H 2 O and diluted HNO 3
In order to gain some information on the chemical stability of (Fig. 6a ) a more concentrated solution of HNO 3 (or longer treatment) was required for BaCeO 3 to achieve the same effect (cf. Fig. 6b) . A similar behavior during reaction with diluted HNO 3 was observed also for the bulk BaAl 2 O 4 sample prepared by coprecipitation method.
The treatment of Pt/BaAl 2 O 4 -BaO/Al 2 O 3 with pure water followed by drying at 80°C resulted in a total disappearance of XRD reflections of BaAl 2 O 4 ( Fig. 6a-2 ) while for Pt/BaCeO 3 -BaO/CeO 2 no major changes ( Fig. 6b-2 Budnikov et al. [43, 48] that the dehydration of the monohydrate in which water has been ascribed "zeolitic properties", does not lead to the formation of the crystal structure of anhydrous barium aluminate below 750°C. The crystallization of the poorly crystalline barium aluminate after evolution of this residual water occurred between ca. 750 -850 °C, indicated by an exothermic peak in the DSC curve (Fig. 7a) 
BaAl 2 O 4 and BaCeO 3 reaction with H 2 O and NO 2 in gas phase
Next, the stability of BaAl 2 O 4 and BaCeO 3 was investigated in the presence of NO 2 and water (gas phase) at elevated temperature in a continuous-flow fixed-bed reactor using a 1:1 mixture of 1%NO 2 /synthetic air and ~3%H 2 O/He. A temperature of 300°C was chosen as starting point since it lies in the temperature range where the NSR catalysts reach their maximal performance and thus reasonable NO x conversion and stability against sintering can be expected [49] [50] [51] [52] . After defined time intervals the reaction progress was investigated by XRD; the results are depicted in Fig. 8 with water saturated He (~3% H 2 O/He) in the absence of NO 2 was slower than in the presence of NO 2 . However, after 5h the barium cerate was also significantly decomposed.
Obviously, the Ba(NO 3 ) 2 formed in presence of NO 2 shifted the reaction equilibrium between BaCeO 3 and H 2 O towards the products thus enhancing the reaction progress.
In a next step, we extended our study regarding the stability of barium cerate to higher temperature. The XRD results shown in Fig. 10b ( Fig. 8a) . At 400°C also no BaAl 2 O 4 reaction was found and in this case no Ba(NO 3 ) was present, since it is not stable at this temperature (Fig. 8a) .
Based on these observations and the fact that at room temperature 
Reaction of BaAl 2 O 4 and BaCeO 3 with CO 2
Due to the fact that the exhaust gases contain a significant amount of CO 2 and since it was reported that pure BaCeO 3 can be decomposed in the presence of CO 2 [53, 54] we became narrower under dynamic reaction conditions at lower CO 2 concentration (Fig.   11b ).
Discussion
The systematic study brought new insight into the formation and decomposition of undesired barium aluminate and barium cerate in NSR catalysts. The stability of these ) can migrate into the alumina [55] . BaCO 3 in the as-prepared Pt-Ba/γ-Al 2 O 3 starts to decompose at about 300°C, i.e. at much lower temperature than bulk BaCO 3 (decomposition starts above 800°C) and it is completely decomposed at ca. 850°C. A similar behaviour was found for fact, recent studies have shown a significant reactivation effect when a thermally aged barium cerium oxide system was exposed to the lean fuel conditions for a longer time [56] .
Conclusions
The present systematic investigation provided new insight into the formation and decomposition of barium aluminate and barium cerate, processes which can greatly affect the NO x storage-regeneration activity. Simple heat impact, as mimicked by calcinations at higher temperature led to the formation of the undesired binary metal oxides. The formation and decomposition of these mixed oxides is strongly affected by the presence of water, CO 2 and NO 2 . An important finding is the high instability of BaCeO 3 in the presence of NO 2 /H 2 O or carbon dioxide at 300 -500 °C. This may also explain the high stability of the CeO 2 support during NO x -storage/reduction against the formation of a binary oxides. A potential technical application emerging from our studies is that the instability of the undesired mixed oxides when exposed to exhaust gas components may be utilized for regeneration of thermally aged catalysts. Studies towards this aim are presently pursued in our laboratories.
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